Chiari malformation is a developmental disorder that is often associated with other abnormalities of the cerebrospinal axis. Despite widespread recognition of this association, there is relatively little information on the treatment of these coexisting disorders in the setting of cerebellar tonsillar ectopia. In an effort to improve the care provided to pediatric patients with Chiari malformations the authors reviewed their management practices over the last 20 years. Specifically, they recorded presenting symptoms, radiological studies, comorbidities, and management (surgical and nonsurgical) of 112 patients (all < 20 years of age) with Chiari malformation without myelodysplasia.
relieve compression in the posterior fossa, but may also require fusion of the craniovertebral junction (CVJ) and/or an anterior decompressive procedure to achieve the most complete treatment for individual patients.
In reviewing the literature, we found numerous descriptions of the treatment of Chiari malformations via different posterior approaches, and posterior decompressive surgery was the overwhelming mainstay of therapy. However, we located only three previously published reports in which a total of 23 patients with Chiari malformation had undergone surgery via anterior approaches, excluding those from our institution. [2, 6, 14] In only six of those 23 patients was a combination of anterior and posterior procedures performed. Other authors have reported using anterior approaches in patients with basilar invagination, but in these patients an adjunct diagnosis of Chiari malformation had not been made. [4, 11, 12, 19] Therefore, given the paucity of data on this subject, we report the presentation and management of pediatric patients with Chiari malformations without myelodysplasia treated at our institution over the last 20 years.
CLINICAL MATERIAL AND METHODS
Patients with a Chiari malformation were identified by reviewing the Medical Records Department database as well as the Division of Neurosurgery, Craniovertebral Junction Database, which is a prospective collection of parameters obtained in patients in whom abnormalities of the CVJ have been recorded since 1979. Search criteria were limited to those patients under the age of 20 years, in whom there was no evidence of myelodysplasia and in whom magnetic resonance (MR) images of the posterior fossa had been obtained prior to neurosurgical intervention.
Medical records were reviewed for presenting signs and symptoms, as well as diagnoses of additional developmental abnormalities. Plain skull x-ray films were used to measure Boogard's angle, basal angle, and the distance of the odontoid tip from Chamberlain's line (Fig. 1). [3] In a subset of patients the volume of the posterior cranial fossa was obtained by measuring the maximum width of the bony posterior cranial fossa (x), the distance from the posterior clinoid process to the torcular herophili (y), and the distance from basion to the peak of the tentorium cerebelli (z) on T 1 -weighted MR images (Fig. 2) . To construct an accurate, yet reproducible, model of the posterior fossa volume, we used the aforementioned easily identified landmarks to calculate the volume with the formula:
The same linear measurements and posterior cranial fossa volume calculation was obtained in a set of normal control patients in the same age group who underwent MR imaging for an unrelated diagnosis. The significance of comparisons was determined using Student's t-test.
RESULTS
In our search 112 patients were identified with Chiari malformations who fit the inclusion criteria. Of these, 59 patients were treated surgically. The most common presenting symptom in the overall group was headache and/or neck pain (27%; Table 1), which was followed by weakness (12%), dysphagia (8%), and scoliosis (7%).
In several patients other anomalies were demonstrated in addition to a Chiari malformation ( Table 2) . The presence of a syrinx was the most common (32 patients, [29%]), followed by basilar invagination in 19 patients (17%), scoliosis in 16 patients (14%) and Klippel-Feil syndrome in nine patients (8%).
Skull radiography revealed the mean basal angle to be 147° (± 12°; range 128-190°; Fig. 3 upper left) . The mean Boogard's angle was 140° (± 22°; range 110-230° [ Fig. 3 upper right] ). The tip of the odontoid process averaged 0.4 mm below Chamberlain's line but had a standard deviation of 7.8 mm (range -20 to 23 mm, with the negative value indicating that the tip of the odontoid was inferior to Chamberlain's line; [ Fig. 3 lower] ). 
's line, the incidence of transoral decompression increases.
The volume of the posterior cranial fossa was significantly smaller in patients with a Chiari malformation as compared with normal controls (p < 0.001). In the 15 patients in whom these data were measured there was a mean volume of 259 ± 41 cm 3 (range 187-323 cm 3 ) whereas in the 10 control participants there was an average volume of 355 ± 46 cm 3 (range 274-415 cm 3 ); there was no correlation between posterior cranial fossa volume and age (range 5-19 years) in this group of patients (data not shown). There was no significant difference in the width of the posterior cranial fossa or the posterior clinoid-torcular herophili distance; however, the basion-peak of the tentorium cerebelli distance was significantly shorter in those with a Chiari malformation (5.8 ± 0.6 cm) as compared with controls (7.5 ± 0.6 cm; p < 0.001).
A significant proportion of our surgically treated patients underwent multiple procedures (Table 3 ). Whereas 44% of the patients underwent posterior decompressive procedure alone, 31% underwent a combination of both anterior and posterior decompressive procedures. A solitary transoral resection was performed in one patient, and in one patient a second transoral procedure was required.
DISCUSSION
This study was undertaken in an effort to gain more insight into the complexities and wide spectrum of abnormalities of the craniovertebral junction. Although we focused on patients with a Chiari malformation without myelodysplasia and who were under the age of 20 years, we found a wide range of symptomatology and pathological conditions that presented many intriguing management dilemmas.
The symptoms and multiple diagnoses reported in this series are compatible with previously published data, which suggests that our cohort of patients is representative of others with Chiari malformations and not the result of a referral bias. [7, 9, 13, 16] The finding of a decreased volume of the posterior cranial fossa was not unexpected because of the excellent craniometric analyses previously published. [1, 10, 17, 18, 20] Whereas some authors have calculated the volume of the posterior cranial fossa by using computerized tomography data, others have demonstrated a reduced area of the posterior cranial fossa on plain x-ray films; the results we obtained by using MR imaging reconfirm diminished volume. Interestingly, Nishikawa and associates [10] reported no significant difference in the total volume of the posterior cranial fossa observed on computerized tomography scan and MR images between patients with Chiari malformations and controls, although there was a difference in the ratio of neural to bony posterior cranial fossa volume. This conflicting information is understandable in light of the different formulas and methods used to calculate the volume of the posterior fossa. The method used in this report was designed to be easily and reliably performed by different investigators while maintaining a true representation of the volume of the posterior fossa.
Further investigation of the linear measurements in the x, y, and z planes of the posterior cranial fossa revealed that the only significant difference between patients and controls was the height of the posterior fossa (basion-peak of the tentorium cerebelli). Comparison of the posterior fossa volume to the type of surgical procedure performed, however, did not reveal any specific trend, nor did a comparison of the individual linear measurements in the x, y, and z planes have a bearing on surgical approach.
In our patients increased basal angles and Boogard's angles were demonstrated, as compared with those patients reported by Schady, et al., [17] and Vega et al., [20] in whom normal basal angles of 128 to 129.5° and normal Boogard's angles of 131 to 136° were present. More recently, Goel and colleagues [6] reported the basal angles in a series of patients with Chiari malformation and basilar invagination; these values were similar to those obtained in the current study.
Of importance is the finding that as the angles increased, the patient was more likely to require transoral decompressive surgery. In the case of the basal angle, the procedure was performed in four (80%) of five patients in whom the angle was at least 165° and in nine (20%) of 44 patients in whom the angle was greater than 135°. Similarly, six (67%) of nine patients with a Boogard's angle of at least 150° and nine (39%) of 23 patients with an angle of greater than 140° underwent transoral surgery.
Regarding the location of the odontoid, there was considerable variability in the distance of the tip of the odontoid process in relation to Chamberlain's line, with the overall mean distance actually falling just below Chamberlain's line. However, as the tip of the odontoid was observed to be farther above Chamberlain's line, the incidence of those patients requiring an anterior decompressive procedure via a transoral resection increased. For example, all three patients in whom distances of at least 12 mm were measured, 60% (three of five) in whom at least 9 mm was measured, and 63% (five of eight) of those in whom at least 6 mm above the line were measured underwent a transoral procedure. Goel and colleagues [6] reported a similar finding: transoral decompressive surgery was required in 79% of patients in whom an odontoid tip at least 13 mm above Chamberlain's line was measured.
The findings contained in this series have not been previously reported and are potentially important regarding the best surgical treatment of patients with Chiari malformations. Specifically, patients with an odontoid tip located above Chamberlain's line, a Boogard's angle greater than 130° and a basal angle greater than 135° should be considered for anterior decompressive surgery for the complete surgical treatment of their Chiari malformation. Simply performing a single decompressive surgery to treat the posterior fossa and hoping that the anteriorly located pathological process will subsequently resolve is not a comprehensive treatment plan. Instead, by performing a posterior decompressive procedure in conjunction with posterior fusion, and anterior decompressive surgery when indicated, the patient is afforded a greater chance of obtaining symptomatic relief from a single hospitalization.
